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INTRODUCTION

The presence of two magnetic spectrometers in the "end station” of
the Stanford linear accelerator has opened a new field of research in
electron scattering problems. Obviously, one can take data independent-
1y with these two magnets, but more than that, one has the possibility
of detecting two products of the reaction in coincidence, for instance,
among other cases, the scattered electron and the recoiling nucleus, or
one of the nucleons after the break up of the nucleus.

We can think of many experiments where this method would be useful.
We have begun to study the problem of e-p coincidences in deuterium
with the detection of relatively energetic protons (above 50 Mev).

This experiment can give much information about different questions,

for instance: one can compare the form factors of the proton in a bound
state to those of a free proton; one can have more details on the neu-
tron form factors and get some idea about the final state Interaction
and the meson exchange current.

We have to say also that the neutron form factors can be obtained
more easily from the measurement of the e-n coincidence (with the de-
tection of high-energy neutron) or the coincidence e-p (with low-
energy proton, less than 10 Mev).

In the experiment discussed here, we try to find a value for the
proton form factors in a bound state and see if they are equal to those
obtained for a free proton. In fact, in all theories, they are assumed
to be equal, but it seems to be useful to check it and also to see if

there is no meson exchange effect which would change the values of these

-1 -



form factors.x

In Chapter I, we give details on the experimental apparatus; in
Chapter II we show some problems connected with this experiment; Chap-
ter III explains the experimental procedure and how to get the data;
Chaepter IV gives the results; and, in Chapter V we perform the calcu-
lations on the theoretical formula in order to interpret the results

and give the conclusion of the experiment in Chapter VI.

'Since the time this report was prepared and typed, new runs have
been performed on the experiment with some new experimental details.
To the first order the improvements left unchanged the results. There-
fore, it is thought that this report can still be useful.

-2 -



CHAPTER I

EXPERIMENTAL APPARATUS

A. Introduction

To count the e-p coincidences, we use an electron counter in the
36" spectrometer and a multichannel system in the 72" spectrometer to
detect the protons. All the pulses are sent directly from the end sta-
tion to the counting room where all the electronic equipment is install-
ed.

We could use also the 36" magnet to detect the protons and the 72"
for electron counting, but it would be less convenient in this case for
several reasons:

1) With the 36", one can deflect protons of only energy less

than 125 Mev; this limits the ability to use incident
high energy beam and/or backvard angle for electrons.

2) To adjust the delay between the electron and proton pulses
we have to do a delay curve which is more convenient to do
with one variable delay box placed on the electron side.
This requires that the electron pulses come earlier than
the proton pulses. Because of the time of flight of elec-
trons and protons through the magnets, it is often easier
to use the 36" spectrometer for the electron detection.

Although in this experiment it is not necessary to count single
pulses from each counter, but only coincidences, we believe it safe to

do so. In this way, we can compare the counting rate and cross sections

- 3-



from the single and coincidence pulses.

The general scheme of the electronics is shown in Figure 1.

B. Electron Counter

The electron counter is a Cerenkov counter filled with the fluoro-
chemical liquid (refraction index n = 1.276), 8 inches long. The
entrance face has a diameter of 3.5 inches. A 5" photomultiplier RCA
7046 is looking at the counter and sends two pulses in the counting
room. The fast negative pulses from the anode are used for coincidence.

The fast positive pulse from the last-dynode is used to count the

single counts and look at the pulse height spectrum of the counter.

Table Ia

Cable number End station Between end station Counting room
and counting room

HV. 633 Lk on bay X 10 to distribution panel
Anode 634 177 X 9 25
Dynode 635 66 x 10 to bay x b

(position written 36")

The anode pulses come by the cable no. 25 to a variable delay box
(minimum delay 13 feet 2 inches - maximum + 10 feet of RG 63/U), then
to the splitting circuit and finally to the 10 inputs of the coincidence
circuits.

The dynode pulse is sent on scaler A. The cable must be matched

at 125 ohms.
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The voltage for the photomultiplier was +2890 volts.

With the exit horizontal slits at 1.5", we can work with exit
vertical slits as big as 3" maximum if the magnet properties are good.
Until now, we opened them at 1.5", which corresponds to more than 1%

dispersion of the 36".

C. Proton Multichannel and Electronic Circuits

All details are discussed in the High-Energy Physics Laboratory

Internal Memorandum, HEPL-247, Stanford University, Stanford, California.

D. Target

By using a solid target (CH2 and CD2), we can have good geometry
and a target as thin as we wish. In fact, we always preferred to use
a liquid target to avoid the electro- or photoproduction by the 012
nuclei. (With a cH® target, we measured about 60% of the single protons
coming from C12 with these conditions, and a CD2 target, the protons
from D2 in the inelastic peak would represent only 10% of the counted
protons.)

The only liquid target available was a cigar-shaped target, 7.5"
long and 1" in diameter. We placed it in the position shown in Figure
2. The axis of the target was at 75° of the beam axis.

For the reason discussed in Chapter II, we intend to use later a

'

|
flat thin liquid target (i% thick). It will always be perpendicular

to the beam and there will be no frame on any side in such a way that

-6 -
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one can detect protons up to 90° in the laboratory system and electrons

up to 135° in the same system.x

xIn January, 1962, the new target described above was tried and
used successfully.
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CHAPTER T1I
EXPERTMENTAL METHOD

Unless noted, we have always worked with an incident electron beam
of Ee = 500 Mev and have detected the scattered electrons at ee =75°
with the 36" magnet. The recoiling protons are scattered at ¢p = 4o°
23 minutes from the beam axis with a H2 target.

Before looking at the coincideince in deuterium, it is good to check
that we get the right cross-section by the electron-proton coincidences
with a hydrogen target. We must get the same cross-section with such a
target from the counting of: a) the single electrons; b) the single
protons; and, c¢) the coincidence electron-proton. (Point [c] is alsc
a check for all the electronic apparatus.

a) The measurement of the cross section by counting the single
electrons is usual. We show in Figure 3 the electron pulse
height distribution. With the discrimination level shown
in the figure, we get the electron peak of Figure 4. The
background due to the stainless steel frame of the target
is small (about 3%). From the peak it is easy to find the

cross section from counting the single electrons.

do n
—_— = (1)
dﬂe NTNedﬂe

n = number of counts in the peak

NT = number of protons in the target

(in area of 1 cm2)

-9 -
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b)

c)

N
e

daf
e

number of electrons

entrance solid angle of the spectrometer

n depends also upon the dispersion of the magnet (exit
slits) and contains the radiative correction.

In this case, the electroproduction or photoproduction of
protons from the stainless steel is not negligible (Figure
Sa) and we have to do the subtraction. It may be hard to
accurately evaluate this background if we do not have an
empty target to measure it.

The entrance solid angle to be accounted for in the
cross section formula (1) is not the real solid angle from
proton detection, but the equivalent solid angle for elec-
trons which one can take out of the angular kinematic
relation between the electrons and recoil protons.

The cross section measurement from e-p coincidences (with
H2 target) requires some attention on the problem of the

slits.

A. Slits Problem

They must be small enough so that the particles going through the

magnets are in regions in which the magnetic focusing properties are

satisfactory.

Case a) Counting of Single Electrons

E‘e = 359 Mev

- 12 -
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We used
- entrance vertical slits in 36" : 2" at 26" from the target
- entrance horizontal slits at 36" : 0.835" at 26"
Therefore,
-da, = 0.00247 steradian
In fact, the entrance horizontal slits were completely opened and
the solid angle in this direction was determined by the vacuum chamber.

The equivalent opening at 26" is 0.835" given by:

W
tan 2d8 = (2)

RV3

W = the width of the vacuum chamber
at the central radius
R = the mean radius of the magnet.
(1) W n
See article by Judd. Calculation gives tan 2049 = R Vo1

In the present case n = 1/2.
- exit horizontal slits 36" : 1.5" at 20" from the magnet
face.

- exit vertical slits 36" : 1.5" at 20" from the magnet face.

Case b) Counting of Single Protons
E'p = 140 Mev  (This corresponds to a momentum 530 Mev/c.)
- entrance vertical slits in 72" : 3" or 4" at 28.75" from

the target

(l)Judd, Rev. Sci. Instr. 21, 213 (1950).

-1 .



- entrance horizontal slits in 72" maximum possible : 1.207"
at 30.875" obtained by the same way (formula 2).

- exit vertical slits in 72" : completely open, more than 12";
the crystals on the multichannel itself determine the used
dispersion.

- horizontal exit slits in 72" : 2".

It is usual, when only one counter is used in the 72" spectrometer,
to put the vertical exit slits at 54" from the magnet face, because this
place corresponds epproximately to the focus. When we work with the
multichannel, we have to put the plane of all crystals in the focal
plane and therefore put the focus between the 5th and 6th channel—in
other words place the 5th and 6th channel at 54" from the magnet face.

By counting single protons (with one counter), the curve written
"protons" in Figure 6b, shows that there is already an anomalous sit-
uation in horizontal slits. Normally we would expect that, in the same
way as with vertical slits, the counting rate of single protons might
increase proportionately to the slits opening up to the maximum opening
1.2" and after that, stay constant. Apparently this is not the case.

The only reason we could think of, would be that this effect is
due to scattering of protons on the horizontal slits and on the walls
of the magnet vacuum chamber (5" wide) in such a way that the scattered
protons would be counted. A check could be done by using one or two
baffles at the entrance and at the middie position of the magnets.

This effect is not seen with vertical slits because the walls in

that direction are very far (vacuum chamber 30" high).

- 15 -
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This effect could be due also to the magnet aberrations. But the
"optics" measurements done with an electron beam did not show such an

ef’fect.

Case c) Counting of e-p Coincidences

In the cases a) and b), the solid angles dﬂe and de are inde-
pendent. In the detection of the coincidences e-p, the solid angles
are correlated by kinematics. We always have the possibility to choose
dﬂe and open the entrance slits in the 72" in such a way that they
define a solid angle bigger than the corresponding de (or inversely,
choose dﬂp and open the slits in the 36").

If we want to measure an absolute cross section with a d2 target,
we have to be sure at rirst that we get an absolute cross section by
coincidence with a H2 target. For this reason, we wanted to check if
dﬂe and de were related in the calculated kinematical way. We did
it with only one counter for protons and therefore were not able to have
the whole hydrogen peak in the counter at one setting of the current
in the 72". We have kept fixed the slits opening for 36" spectrometer
and measured with the 72" current setting corresponding to the maximum
of the peak. With these conditions, we have counted the coincidences
versus the opening of either vertical or horizontal slits. The results
are shown in Figure 6.

We expect that the coincidence number increases with the slits
opening until dﬂp corresponds to the dQe for electrons and will
stay constant when dﬂp (or better d and dg defining dﬂp in
vertical and horizontal directions) becomes bigger than the 48

po
- 17 -



corresponding to dQe.

The experiment shows that it is true for the vertical slits (Fig-
ure 6a) but not for the horizontal slits (Figure 6b).

For the vertical slits, it is only a question of geometry. The
opening maximum dﬂe on the 72" is determined by the planes going
through the beam axis and passing by the upper and lower points in the
36" slits opening. With 2" vertical entrance slit opening as indicated
above, 1t must correspond to 1.6" vertical entrance for 72". Figure
6a shows that the coincidence curve is flat beyond this opening. Let
us note also that in the vertical direction, the target thickness is
the diameter of the beam itself, that is about 1/4".

In the horizontal plane, the kinematics of the reaction is respon-
sible for the slits opening in the 72". A horizontal opening of 0.54"
in the 72" should correspond to the 0.835" horizontal opening in the
36". The Figure 6éb shows that in fact the number of coincidences in-

creases slowly up to the maximum opening of 1.2".

B. Interpretation

This discrepancy cannot be explained by the multiple scattering
of proton against the horizontal slits, because this phenomenon would
be also seen with the vertical slits.

It can happen partly because we do not count the whole peak but
only its maximum. In fact, when one opens the horizontal slits, more
protons with different energies (given by kinematics) enter into the
magnet and therefore the resolution of the peak may increase. Under

- 18 -



these conditions, the area under the peak can increase proportionately

to the opening of the siits without a proportional change in the height
of the peak. This effect can contribute to a change of a few percent,

but cannot be the only reason.

We think that the main reason is a thickness target effect. We

saw previously that the target was about 1" +thick. The calculations
above for the horizontal opening in the 72" were done for a thin target
centered in O (Figure 7). But if the collision takes place in the point
A or B, the minimum and maximum angles for electron detection are A
and u, to vwhich corresponds by kinematics °X and ¢“ for the re-
coiling protons.

In our case,

>
[}

76° 07 minutes Py 39° L9 minutes
to which correspond
73° 56 minutes ?,

At the slit, this means slit opening of 1.077". We have further to add

LO0” 55 minutes

¥
1}

to this quantity the slit opening corresponding to the length A B
where the reaction can take place.

1" (thickness of the target) X s‘n {40 23 minutes) = 0.670"
Therefore, to get an absolute cross-section for He, we need a horizontal
slit opening of 1.747" if the horizontal slit opening in the 36" is
0.835".

Because the maximum horizontal entrance slits opening in the 72"
is 1.2", it is not possible to count all coincidences from hydrogen with
one position of the magnet for this target thickness. Therefore if we

count coincidences from H2 with one angular position of the 72" spectro-

- 19 -
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meter, it is impossible to do relative measurements for D2. If we wish
to do so, we have to measure coincidences for H2 with at least two
positions; furthermore we see that we cannot consider doing absolute
measurements with this target.

With the new target we ordered (i%" thick), the calculation by
taking into account the thickness effect gives a maximum horizontal
opening of about 0.900". It will be, therefore, possible to check if
the curve of Figure 6b becomes flat beyond 0.900" and then do absolute
measurements.

When the new target will be finished, I think it is the first thing

to be checked; with the multichannel detector for proton, we will not

have the trouble for resolution indicated above.*

lIn January, 1962, Donald Aitken checked the new flat target with
the multichannel ladder as proton detector. He found that the curve of
Figure 6b (coincidence number versus horizontal slit opening) becomes
flat beycnd an opening of 0.900". Therefore, it seems to be proven that
the previous discrepancy came from the target thickness effect.

- 2] -



CHAPTER II1I
EXPERIMENTAL PROCEDURE

Everything must be tested with a H2 liquid target. A CH2 solid
target gives so much background from carbon i1n the proton detection
that the proton spectrum is more difficult to find and has many accidental
coincidences. Furthermore, the strong angular correlation between the

electron and the proton mekes it easy to find the coincidences.

(A). Set the two magnets at exactly the right angles. In our case
it was
6, (36") = 75°
ep (72") = L40° 23 minutes
(B). Set the magnet current (or field) on the 36" with the polarity
(reverse) for electrons and look at the pulse height spectrum on the
multichannel analyser (Figure 3). With tne inhibition system, set the

discrimination level in the valley of the spectrum.

(C). Take the single electron peak by moving the field by steps
smaller than AE‘e given by the exit vertical slits, and the dispersion
of the magnet. Th:s peak will serve to evaluate the cross section by
counting single electrons. Therefore, it is important to measure the
background with an empty target.

Example: at E_ =500 Mev 6_ = 75°, E' =359 Mev/c.
The theoretical dispersion of the 36" is 1.337" for 1%.

The correction for dispersion of electrons of about 350

- 22 -



Mev with slits at 20" from the magnet face is neglirible

(0.99). 1In ithis case

. = e 1.5
a\) e ° 359 X 1.337

X 0.99 = 3.98 Mev
(D). With the 72" on the polarity {(forward) for protons, set the

field to get the peak going through the magnet. Adjust the discrimina-
tion levels of the 10 scalers, counting the single dynode pulses of the
multichannel ladder. This can be done by doing a smooth curve with the
H2 target, or better, by making a flat curve with the D2 target on the
top of the inelastic peak. I1f the efficiency of all the channels is
very different, it may be impossible to get a flat curve with a D2
target. One can, in this case, give a coefficient of efficiency to each
channel and correct later the data from these coefficients. It is good
also to check that one gets the right p lse height spectrum out of the
counter (for proton, one finds & sharp .eak, see Figure 8) on the multi-
channel analyser. (Do not forget to put the multichannel amplifier on
position +.)

When the discr;mination levels are adjusted, take a peak with
H2 target and the background from the stainless steel frame with an
empty target. This peak will serve also to evaluate the cross section
from the counting of single protons.

Usually one setting of the current in the 72" magnet is enough
to get the complete peak of H2. Indeed, the multichannel covers about
3% of the spectrum and the width at one half of the maximum of a 12

peak is usually less than 2%. It is useful to use more than one setting

and change the current in such a way that one has an overlapping of a

- 23 -
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few channels.

Example: If Ee = 500 Mev
- [
6, = 1
ep = 40° 23 minutes P'p = 535 Mev/c

The theoretical dispersion of the 72" is 2.88" for 1%. The correction
for dispersion for 500 Mev/c at 54" from the magnet face is 1.03. There-

fore one inch (size of a crystal in the multichannel ladder) corresponds

to.
1
53g X 1-03 X 5.35 = 1.91 Mev/c
The separation between the center of two channels is 1.03". Then to move

the spectrum of one channel, one has to change the current so that the
Tield is changed by 1.91 X 1.03 = 1.97 Mev/c. To move the spectrum of
two channels, we change the field of 3.94 Mev/c; of ten channels, we
change the field of 19.7 Mev/c, etec. It is not difficult to do this
with the help of the slope curve of the 72" but easier with the rotating

coil system.

(E). One can now try to get the coincidences. To do this set the
approximate delay between the electron counter and the proton multi-
channel by taking into account the time of flight of protons and electrons
through the magnets, the lgngths of cables in different channels and
the time delays through the circuits and the different photomultipliers.
Do not forget the cable between the splitting circuit for electron
Pulses and the inputs in the coincidence circuits.

Example: 1In the case mentioned before, the time of
flight of the protons through the 72" magnet is about

- 25 .



55.8 X 1077 sec. The electron time of flight through
the 36" is 13.7 X 107 sec. We have about four nano-
seconds delay in the cable between the splitting cir-
cuit and the coincidences circuits, and eight nano-
seconds difference between the time of flight of
electrons in the photomultipliers. (RCA TO46 for
electron counter and RCA 6810A for proton counters.)
Then we have to put an arproximate delay of 30 nanosec-

onds, which means 25 feer oi cable RG 63/U.

(F). Set the coincidence bias and '~ discrimination level on the
scalers in crder not to count any single pulse. This check can be done
by turning off the voltage on either th- e.ectron photomultiplier or

proton prhotomul-ipliers. (Do both checks.)

(G). Check 'he clipping line leng::. in the coincidence circuits.

The protons going through the 72" spect:rcmeter can take different paths
and still b~ detec'ed on the same cry-ta:.. The good focusing region
for 530 Mev,c momentum is at least 8" out of the central radius of the
magnet on -ach side Therefore some prot.ns follow a carve (that we
assume to be approximately a circle) or rai.us

minimum 72" - 3" = 64"

maximum 72" + 8" = 80"
For protons of that energy B = % = 0.492. The difference of time of
fiight at the outpu' is 8.4 X 10-9 sec. Th 1length of the clipping line

must be bigger than the length corresponding ‘o this time.



(H). If all conditions indicated above are respected, one finds

a narrow coincidence peak.

(I). Now one must set exactly the delay between electron and
proton counters by doing delay curves. In principle, the relative de-
lays between the ten channels of the proton side have been previously
set (see Chapter II). It is good to check with real coincidences
whether the delays are right or not. We mentioned above (section E)
that usually the electron pulses come earlier at the input of the
coincidence circuit. Therefore, we can insert the box with variable
delays in the electron channel before the splitting circuit. By vary-
ing the delay in this box, one has one delay curve with each proton
channel of the ladder in at the same time. One can check the relative
delays in the proton side and set the right delay between the electron
and protons channels.

(J). We have two ways to measure a coincidence cross section with
a D2 target.

1). count the coincidences with D2 alone and calculate
directly the absolute cross section from the coin-
cidences numbers,

2). count in the same conditions the coincidences with
D2 and H2 and, assuming known the cross section for
H2, calculate the cross section for D2 from the ratio

coincidences number with D2

coincidences number with H2

This is a relative measurement.
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As we said before (at the end of Chapter II), it is not possible
to measure a relative cross section for D2 with the ine inch thick
target and one setting for the angle of the 72" spectrometer, because
we cannot have all coincidences for H2.

Therefore it is very important in order to get any data to use two
or three angle settings until we have the new liquid target.

When we have it, the first thing to do will be to solve the slits
problem and check if the interpretation of the discrepancy between
calculation and experiment if right. If it is so, we can measure
absolute cross sections as well as relative for the diffusion by D2
target. But in any case, it is safer and better to do both. The re-
sults must fit and the measurement of the cross section with H2 is a

check that all instruments and apparatus involved work properly.

(K). We have to note also the following (already mentioned):
1) For a measurement with a H2 target, the entrance
solid angle of the 72" magnet dﬂp is not in-
volved in the calculation if it is bigger than
dﬂpo corresponding to dﬂo (Chapter II).
2) For a measurement with a D° target, dﬂp is inde-
pendent of dﬂo and is a direct component used

in the calculation.

(L). Before taking any data, it is necessary to evaluate the effi-
ciency in coincidences of all electronic equipment. It cannot be done
with a D2 target as we do for a single channel, because the counting

rate is very low and in coincidences the maximum of the inelastic peak

- 28 .



is no longer a flat curve. We have done it with & H2 target. 1In one
setting of the current, we have the H2 peek in coincidence {Figure 5b).
We changed the current in such a way that each crystal of the ladder
counts the whole peak (Figure 9). By comparing the area under the ten
peaks, we can give an efficiency factor to each channel. 1In fact, all
efficiencies were found near 100% and the curves are not affected by

this correction factor.

(M). TFinally to take data, we count the coincidences with D° or
H2 for a certain integrated beam in the Faraday cup. We sometimes
changed the 72" current in such a way that the protons counted in one
channel during a measurement would be counted in another channel in the
second measurement. With this method, we have an average of cancella-
tion of different possible corrections and permanent check for all ten

circuits and channels. An example is given on Table I.

(N). The accidental coincidences are not a negligible percentage
of the real coincidences. It is important to count them quite often.
We thought of differing solutions in order to avoid them, but apparently
we would decrease the real counting rate in such a way that we would
not gain anything. The main trouble is that we cannot use a better
time resolution because of the different times of flight of protons

through the 72" magnet.

(0). To get the coincidences cross section from H2, we have to
count all coincidences e-p vwhich correspond to the single electron

peak (Figure 4). To plot this single peak, we used many steps smaller
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then AE' determined by the exit energy slits of the 36" spectrometer.
With coincidence, this method would require a long time. It is easier
and as precise (we verified it several times) to use only a few steps

in such a way that the next one follows the previous one without over-
lapping. We can calculate with the slope curve or with the rotating
coil system how much we have to move the current to have the new setting
(see Figure 4).

For example, in our case, we saw (Chapter III section C) that we
get almost the complete peak with only three settings: 358 Mev, 354,
and 350 Mev.

Therefore to measure the coincidences with He, we have to add the
coincidences from the three settings.

For the cross section of the diffusion by D2, one setting only of
the 36" current is necessary because AE‘e is already involved in the
calculation.

The coincidence spectra with D2 and H2 targets are shown in Figure
10. The 52 spectrum is to show the position of the peak relative to

the D2 peak, not for evaluation.
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CHAPTER IV
RESULTS

Although it was not possible to get even a relative cross section
for D° (we used only one angle setting for the 72"), we will show the
resvlts obtained. We think they are exact within 20 or 30%, because
the lost counts with H2 target were not more than these percentages.
In any case, the same calculation must be followed to find the cross

section from the new data.

(A). The cross section with D2 target is found from:

_ d3c . Ei ND RD CE, 1
dﬂp dﬂe dE'e a0 proton CD Np Rp dﬂp dE‘e
where,
do
-_— = is the elastic scattering cross section by a
aft proton H2 target
ND Np = is the coincidences numbers with a D2 and H2
target
RD Rp = is the radiative corrections to be applied to
the numbers ND Np to get the real number of counts
to be used.
CD Cp = is the charges on the Faraday cup accumulated
during the time to count ND and Np
dﬂp = is the entrance solid angle of the proton magnet
dE‘e = is the energy spread of the electron counter

T



defined by the exit slits in the 36" spectrometer.

(B). Example: With the experimental conditions already indicated

we have measured the cross section with H2 and D2 target.
Eo = 500 Mev
E, = 339 Mev 0 = T5°
Ep = 535 Mev/c Gp = L0° 23 minutes
Np = 1497 + k1 CP = 60 microcoulombs Rp = 1.2
(see Chapter IV, section C for radiative correction)
N, = 630 53 cp = 1200 ue Ry = 1.136
(see Chapter IV, section C)
dﬂp = 3.38/1000 steradian
aE' = 3.98 Mev (see Chapter III, section C)

To take into account the thickness effect (Chapter II and curve 6)
we assume that Np is too low by a factor about 20%.
We therefore will take Np = 1497 x 1.2 = 1796

do

—_ = 3.6 X 10732 cmg/ster. (Chapter IV, section D)

a8 proton

The calculation gives finally:

3
d-c
—_— = 4.7%0.5X 10”32 cm2/ster2 Mev.
an_ 4o ge'
P e e
The measurement done in another run gave by the same way:
i 32 2, 2
- = 3.70 £ 0.b x 10 em”/ster” Mev.
aQ_ 4a aE’
P e e

The two results are very different one from the other. This effect

is due to the fact that the horizontal entrance slits were not the same
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fer the two runs.
We will take as a result:

L.2 +0.6 cme/ster2 Mev

(C). Rediative correction. We will discuss here the radiative
correction to be applied in the e-p coincidence experiment with a
hydrogen target. We will see, after that, what must be done about the
deuterium target measurements.

let us call E. the part counted in the single electron peak (Figure

1

1la) and E2 the part not counted. When one detects only electrons, the

E. +E
radiative correction is roughly R = 22 . By the same way (Fig-

pe El

ure 11b), by detecting only protons the radiative correction is Rpp =
P, + P

-l;?——g . The problem arises: What is the radiative correction to be
applied when one detects e-p coincidences?

1) We know that the spectrum part E2 is due to several
causes: a) the electron energy loss on the path AQ
(Figure 1llc)(bremsstrahlung thickness effect), b)
the electron energy loss on the path OC (bremsstrah-
lung thickness effect), c) the electron energy loss
on the point O (Schwinger correction).

2) By the same way, P2 is due to: a) electron energy
loss on the path AO bremsstrahlung, b) proton energy
loss on the path OB, c) proton energy loss on the
point 0. (Energy losses of b) and c¢) are not known.

On the path OB we can assume that it is negligible.)

On the point O, Tsai is calculating the correction,
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it may be only a few percent and we neglect it.x

We therefore see that the radiative correction
from the detection of only single protons is lower
than that from electron detection.

3) When we measure e-p coincidences, we have to see
from which part of each spectrum a coincidence may
take place. We give only a qualitative understand-
ing of the problem. It should be completed by
calculations.

a) Without any loss anywhere one can count a co-
incidence from El and Pl'
b) If an energy loss takes place in the path AO,
the incident energy is lower in O and proton
and electron energies are lower. The radia-
tive correction to be applied depend mainly on
where the cutting positions P and E in the elec-
tron and protons peaks are. (Figures lla and 11b).
c) 1If AEp is relatively wide, a proton in P

1

may be detected with an electron in E. or E2'

1

d) 1If AEp is narrower, we may also have a proton

detected in P, and an electron in E, (or Ee).

If the energy loss is big in AO, protons will
be detected in P2, but electrons probably have
energy low enough to be counted in E2 and this

coincidence is not counted.

*Allan Krass calculated the correction. It has to be taken into
account.
- 38 .



e) If the bremsstrahlung comes on OC, the electron
may be in the E2 part. But, because bremsstrah-
lung radiation is emitted after the collision,
the kinematics is not changed for the proton
and the proton is still counted in Pl'

f) The Schwinger radiation is mainly emitted in
the same direction as the scattered electron
during the collision. Therefore kinematics is
not changed for the proton and the proton is
still counted in Pl'
Finally, all protons counted in Pl are in coincidence with the El and
E2 part of the single electron peak (section C, number 3, items c, e, f,

of this chapter). In this case, we have to apply the radiative correc-

tion for single electron spectrum only.

We have to apply another correction for the case in item 4, but
it would be small if AEP corresponds to more than 1%.

If in the Tsai calculation the Schwiiger correction in the proton
detection appears not to be negligible, it would have to be included.

For Hydrogen the radiative correction is therefore Rpe'

For deuterium, we can follow the same method and apply as radiative
correction the one for the peak height of the inelastic scattering be-
cause we detected electrons on the peak maximum and not the whole in-
elastic peak.

We apply the Sobbotka formula, because it gives within a few per-

cent the same results as the Tsai formula and is simpler.
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(D). The elastic scattering cross section %% with a hydrogen
target is the usual Rosenbluth formula with the form factors Flp and
ng. In that example,

q2 - 6.8 ¢° (f = 10713 cm)

The values taken from the latest work on proton are

Flp = 0.56
F2p = 0.45,
which give the indicated cross section
do
— = 3.6 X 10732 cme/ster.
af

If we want to compare it with the exponential model which gives still

a good fit for the cross section at this g value, we find

do
— = 3.77x10°3? cmg/ster.
aq
if we assume a rms radius a = 0.8 £ and use therefore,
F = F = 0.537.
1p 2p 23
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CHAPTER V

INTERPRETATION OF THE RESULTS

A. Introduction

In this experiment, we want to check to see if the proton form
factors are the same in a bound as in the free state. A difference
could be interpreted as a meson exchange effect between the proton and
the neutron during the electron deuteron collision.

This check can be done by measuring the differential cross section

d3c
aa_ dq  4E!
P e e

the momentum transfer q for a free proton (see below).

in the direction of the proton detection correspending to

L. Durand(e) and J. Scofield(3) studied the angular distribution
of the outgoing nucleons from an inelastic electron deuteron scattering.

Durand gives the differential cross section in the center of mass
system of outgoing nucleons. We use his formula and a center of mass
to lab system transformation formula due to Scofield§3) Besides, the
Durand's results fits with the cross section found by Scofield direct-

ly in the lab system.

B. Connections Between our Measurement and the Durand:'s Formula

For the first attempt in this problem, we chose to measure at a

place where the calculations were already done by Durand. That is:

(Q)Mrand, Physical Review 115, 1020 (1959)

(3)Scofield, private communication.

- L4y -



incident beam Eo = 500 Mev
scattered electron angle Ge = 75°
With an hydrogen target, the proton is emitted in an only direction,
which is the momentum transfer direction q. In this case
Gp = L40°® 23 minutes
With a deuterium target, the cone in which the protons are emitted for
a given scattered electron energy is wider and no longer a 8 function.
The q direction is a symmetry axis. With this direction q taken as
the origin of angles and in the center of mass system of outgoing nu-
cleons, the cross section is given in the equation 11.1 (simplified
case) or equation 1-4 of appendix I (with relativistic correction) of
Durand’s paper.x

Because the relativistic corrections are still small (for example
they are about 2% for the proton energy and the corrections on the cross
sections must be of the same order) and this measurement was a first
attempt to get a differential cross section, we have used only the
simplified case (equation 11.1 D).

We see that the cone is in fact the whole space, but the cross
section for an energetic proton is big only in a cone of about 30°.
(See Figure 1 D and Figure 2D). For Figure 1 D the curve must be di-
vided by sin 8 to get the differential cross section. For Figure 2 D
the differential cross section is obtained by squaring the function

(o).

xHe will refer to equations from Durand by using the letter D
after the equation number.
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In the lsb system, the cone is still smaller and we need to go

only up to 15° around g to get the whole angular distribution. We
give in Figure 12 the proton momentum where the coincidence peak is
expected to appear. This plot is done from the relation:

- - o p cos 6

P = 1/2q+p+qE -E' +2M - 2E) —— (3)

P e e o
obtained from {appendix I - I-6 D) which gives the lab energy of the
neutron in the relativistic case. In the non-relativistic approximation
P = 1/2Q+p

P

gives practically the same curve. By restricting outselves at a forward
angle (GCM < 10°), we see that, in first approximation, we can neglect
the contribution of the second and the third term of (11.2 D) and (Fig-

ure 1 D). Therefore the Durand's formula becomes:

d3o
an_ 4o 4E
P e e
Mp hg 2
2 2 2, 26 2 2
o ——F(6)F.“+ —  2(F, +KF_,) tan“ 5 +F K (&)
Mott ) 2,2 1 oMo 1 p2 272 p

We have included a factor 2n (to get dﬂp) and the form factors Fl and

F The bracket on the right side of formula (4) is the Rosenbluth

o

factor in the cross section for a free proton. In our case

Mp _ L.71 5 1

-1 -2 -
qMott 55 X 10 cm ster =~ Mev
by“n

2n
With the values taken above for the proton form factors Fl’ F2 the Ro-
senbluth bracket is 0.529 and the angular distribution at forward angles

in the cneter of mass system is:
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d3c

aQ_ 4t 4 !
P e e

= 3.97 x 10" -1

Fe(e) em® ster™® Mev

Scofield calculated the center of mass to lab system transformation for

the cross section.

His result is

-
[p_|° a0 i

PP e a0
an (5)

-

- -
(EP -EP )" P oF
np

pu p

vwhere everything on the left side is evaluated in the lab system and

everything on the right side in the center of mass system.

Pp and P are the momentum of the proton.

Ep and E are the total energy of the proton

(with the rest mass energy).

En is the total energy of the neutron.

In our first experimental case {proton emitted in q direction), we

have
Therefore,

This gives,

Finally,
d3c

aq_ 4@ 4E’
P e

P =0
n
E = M
n
e -
an.) = {40 )
w o pleb o5 PCM
an
M 486
an

= 1.93 x 10° F2(9) cm® ster > Mev
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To get F(8), we can use the formula 11-3 D. For the Hulthen radial

wave function:

- -yr _ -7rT
u(r) = N(e N e’, )
with
N = 2.77 X lO6
7, = 231X 1012 cm™d
7, = 6.21 7,
we find
F(0) = 4.98 x 10719

We could have calculated F(6) from only 11.3 D. But at this early
stage of the calculation, we think that it is as good to use the curve
given by Durand in his Figure 2.* In principle this curve is not right
because the radial wave function is no longer (8-1-D) but the function
of appendix II (I11-I D). But in first approximation, it is good because
62(9) is small at forward angle (6 s 5°) and negligible compared to
F°(8) (see Formula IT-4 D).

If we use this curve, we find

F(0) = 14.90 X 107

which differs from the value indicated above by 1.6%. Furthermore,

according to the value (that we can change slightly because the

72
wave function is not known so accurately), F(0) can vary more than
1.6% and therefore we are justified to use this curve to calculate F(8).

From the foregoing considerations we have:

lbn page 1037 of Durand's paper, two typographic errgrs exist:
a) in Figure 2 correct £ = ( ) F to read §(9) = (N/a<)cos £(8),
b) at the end of the same column, correct 1013 to read a-1 = .31 x
10-13 om.
- U6 -



3
d-c .
——— = L4.63 x ].O'32 cm2/ster2 Mev
dﬂp dQe dE‘e 6=0

Lab

By the same way, we can find the angular distribution at forward angle.
The result is shown in Figure 13.

We checked this curve only at 6 = 0° with the Scofield's theory
which gives directly the differential cross section in the lab system.

Instead of 4.63 X 10-32 found with the Durand's theory, we get

3

d-o

_— = 4.85 x 10-32 cme/stere Mev.
)

dﬂpdﬂedEe 8=0

Lab

The two results differ only by 4%. We consider that they fit correctly.

C. Comparison of our Result with the Theory

We must be cautious in comparing the experimental result with the
theory. The angular distribution is sharply peaked at small angles and
therefore the cross section varies very rapidly when we are not at o°.
For instance, at 3°® in the lab system out of the q direction, the
cross section is about one half of its maximum at 0®. In the other
hand, dﬂp is finite and Figure 1k shows that the maximum angle may be
about 3°.

We have calculated an average of the cross section in the experi-
mental dﬂp by cutting the slits opening in several sections from
number 1 to 6 (Figure 14) and, for each section we used the theoretical

cross section for the mean angle. By doing this, we assume that the
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angular distribution has an axial direction about the q direction.
We believe it is so, because we do not see any apparent reason why the
symmetry would be broken.

In these conditions, the theoretical average becomes:

3
a-o
—_— = 3.37 X 10732 cmg/ster2 Mev.
]
dQp af, aE'g average
6=0



CHAPTER VI

CONCIUSION

The experimental value 4.2 t 0.5 X lO-32 cm2/ster2 Mev does not

32

seem to fit perfectly with the theoretical values 3.37 X 1077, We can

explain this discrepancy of the order of 20% by several reasons:

a)

b)

c)

d)

e)

The experimental values are not known with a good
accuracy and because of the slits problem, cannot in the
present stage of the problem, be trusted within 20 or
30%.

In the calculations, some approximations have been

done in the application of the formula.

In the theory itself, the cross section depends on the
deuteron wave function and on the final state interaction.
It would be useful to perform the calculations with a
wave function more realistic such as one with a repul-
sive core potential.

Because of the meson exchange effect, proton form
factors in a bound state may be different from those

in the free state. But before thinking of this rea-
son, the three other points must be brought out.
Although the theory and the experiment do not fit
perfectly, we think that we have reached our first

goal, which was to find the coincidences and compare

the first order with the theory. We found a cross

-5 -



section which differs only by 20% of the expected
value and not by an order of 10 or 100 which would have
been possible with all points which are to be considered.
We have shown that this tool may be useful and that the method is
possible. Accurate measurements and refinements in the theory may give

in the future some good results.
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